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By Thaine W. Reynolds 

SUMMARY 

An analysis of' probable heat-exchanger w e i g h t s  f o r  stationary and 
rotary regenerator heat exchangers f o r  use i n  a hydrogen-expansion turbine 
engine i s  presented. Heat-exchanger-core weights alone w i l l  probably be 
above 48 pounds per pound of hydrogen flow per second for  stationary re-  
generators at a turbine- inlet  temperature of 2000° R .  
a pressure drop through the exchanger of about 10 percent of the i n l e t  
pressure. 

This weight is  fo r  

? 
3= 
> regenerator-core weight i n  ha l f .  

Lowering the turbine-inlet  temperature t o  about 1500° R would cut the 

Rotary regenerators offer  poss ib i l i t i e s  f o r  a considerably l ighter  
heat-exchanger core, possibly one-fourth tha t  of the stationary regener- 
ators.  A t  the same time, lower combustor temperatures may be employed. 
The mechanical problems associated w i t h  t h i s  type of exchanger may be 
quite severe. 

- 
d 

Calculated physical properties of rich-mixture combustion products 
of hydrogen and a i r ,  which are required fo r  heat-transfer calculations, 
a re  presented. 

INTRODUCTION 

One engine cycle tha t  has been considered f o r  possible high-speed, 
high-altitude a i r c r a f t  use  ( ref .  1) is i l l u s t r a t ed  by the engine cross 
section shown i n  figure 1. 
reference 1, the cruise engine i s  essent ia l ly  a ramjet burning hydrogen 
fuel .  
the  i n l e t .  
gen gas through the turbine. The hydrogen is heated i n  turn i n  a heat 
exchanger by the combustion products of the hydrogen with a portion of 
the t o t a l  engine airflow. 

I n  t h i s  cycle, which i s  called Rex I11 i n  

In  order t o  obtain takeoff and boost thrust ,  a fan  i s  provided at 
The power t o  drive the fan i s  obtainedby expanding hot hydro- 

e 

c 



2 

* 

An evaluation of the usefulness of t h i s  engine cycle will depend i n  
par t  upon an analysis of the component weights. 
many of these component weights are interdependent, t h i s  report examines 
only the effect  of varying parameters on the required heat-transfer area 
and probable weight of the heat-exchanger core i t s e l f .  
of both the  stationary and rotary type are  considered. 

While it i s  real ized that 
I) 

Heat exchangers 

I n  the par t icular  cycle considered herein, the high-temperature com- 
bustion products fo r  heating the  hydrogen a re  obtained by burning hydrogen 
r ich.  The e f f ec t  of obtaining %he high temperatures by rich-mixture com- 
bustion rather than by lean i s  twofold: 
smaller, since much less air i s  required, and (2)  the physical properties 
of the  combustion gases a re  such that  higher heat-transfer coefficients 
can be obtained, which would r e su l t  i n  a smaller heat exchanger. 

(1) The inner combustor i s  

Mechanical problems associated with the design of these heat exchang- 

Physical properties of hydrogen and of combustion 
ers are  not evaluated; only the performance is  considered from the heat- 
t ransfer  point of view. 
products of hydrogen-rich air mixtures of in te res t  i n  heat-transfer cal-  
culations are  presented. 

This report  presents the results of the analysis as generalizations 
independent of the heat-exchanger configurations to the extent possible. 
The calculations of actual core weight and pressure drops, however, obvi- 
ously require selection of actual  configurations. The heat-exchanger 
cores considered were taken from reference 2. 

PHYSICAL PROPERTIES 

Heat-transfer coefficient data  are  u s u a l l y  presented as correlations 
involving the dimensionless groups, Nusselt, Stanton, Reynolds, and 
Prandtl numbers. Evaluation of these groups requires cer ta in  physical 
property data f o r  the f l u i d  involved. 
gen and the combustion products of r i ch  hydrogen-air mixtures required 
f o r  the analysis of the heat exchangers presented herein are (1) viscosity,  
(2) thermal conductivity, (3) specific heat, (4) mean molecular weight, 
(5) com-bustion temperature, and (6) enthalpy. 

The physical properties of hydro- 

All symbols are  defined i n  appendix A, and the method of calculating 
the properties of the mixtures i s  presented i n  appendix B. 
values are presented i n  figures 2 to 8. 

The calculated 

4 

A diagram showing the components of an engine and the conditions 
under consideration i n  the following d i s c u s s h p d  A 
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f u e l  flow rate of 6 pounds per second w a s  chosen as a basis f o r  presenting 
the calculations. T h i s  flow rate might correspond t o  the takeoff f u e l  
flow r a t e  fo r  a 67-inch-diameter engine designed for  Mach 4 at  100,000 
fee t .  
the afterburner temperature about 3600° R. 

The t o t a l  engine airflow would be about 300 pounds per second and 

Liquid hydrogen i s  pumped t o  approximately 8-atmosphere pressure and 
Tc* by i s  vaporized and heated t o  the desired turbine-inlet  temperature 

the heat exchanger. The hydrogen gas is  expanded through the turbine t o  

2- atmospheres and a corresponding lower temperature. The hydrogen then 
enters  the combustor where it combines with air from a secondary fan  at  
700° R and at a combustor pressure of about 2 .2  atmospheres t o  arr ive at 
a flame temperature Thi. This hot combustion gas enters  the other side 

of the  heat exchanger and e x i t s  from the heat exchanger at 
fuel-r ich mixture then combines w i t h  the major portion of the air, and a 
combustion temperature of about 3600° R is achieved. The gases are dis-  
charged through a suitable exhaust nozzle. 

1 
2 

1 

: ) 

Tho. This 

c 
3 STATIONARY EEAT EXCHANGER 4 
: The variables w i l l  be discussed without reference t o  specific heat- 

exchanger cores insofar as possible. Calculations will then be presented 3T > 
m f o r  cer ta in  specific cores. 

The required heat-exchanger area i s  determined from the re la t ion  
.a 

q/t  = UA AT (1) 

For a hydrogen flow r a t e  of 6 pounds per second and a turbine-inlet  ' t e m -  
perature of 2000' R, the  required heat-exchanger capacity i s  about 
150,000,000 Btu  per hour. For a selected combustion temperature and heat- 
exchanger arrangement (i. e., counterflow, crossflow w i t h  one f h i d  mixed, 
e tc . ) ,  the  AT of equation (1) is  established. It i s  then only necessary 
t o  evaluate the  over-all  coefficient U t o  determine t h e  heat-transfer 
area (and, hence, approximate heat-exchanger-core weight) required. 

q/t 

Combustion Temperature 

The combustion temperature i s  determined by the equivalence r a t i o  
and the in l e t  temperatures of the f u e l  and air. 
entering the combustor i s  assumed t o  be 700° R less than the heat- 

the work required of the  turbine t o  drive the fans. 

The f u e l  temperature 

"3 exchanger-outlet temperature. This temperature difference corresponds t o  
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I n  the following calculations, a turbine-inlet  temperature of 2000° 
R w i l l  be assumed. 
sidered i n  the section en t i t l ed  Turbine-Inlet Temperature. 
temperature must be above 2000° R f o r  a f i n i t e  heat-exchanger area. 
increase i n  the combustion temperature w i l l  require more air  t o  be burned 
(lower equivalence r a t io )  since th i s  i s  a rich-fuel combustor. The com- 
bustor cross-sectional area must then be increased if  the same flow Mach 
number i s  t o  be maintained. 
capacity and molecular w e i g h t  of the combustion products vary. 
shows the var ia t ions of some of these factors  as the combustion tempera- 
tu re  i s  changed from 2300° t o  29000 R, while the combustor-exit Mach num- 
ber  is held at 0.1. 

The effect  of varying th i s  temperature w i l l  be con- 

An 

- 
The combustion 

A s  the equivalence r a t i o  varies,  the heat 
Table 1 

Table I a lso  shows the increased effect ive temperature gradient for 

i s  the e f fec t ive  temperature gradient f o r  counterflow arrangement. 
heat t ransfer  ATZm as the combustion temperature i s  increased. The 
ATZm 
The r e l a t ive  heat-transfer area required would be decreased correspondingly 
as the combustion temperature is  increased i f  the over-all  t ransfer  coef- 
f i c i e n t  was not affected. 

Relative combustor cross-sectional area and re la t ive  effect ive tem- 
perature gradient for heat t ransfer  ATZm f o r  varying combustion tempera- 
t u r e s  are  plot ted i n  figure 10. For simplicity, t h i s  comparison i s  made 
by assuming counterflow arrangement. With a crossflow exchanger, a greater 
change i n  effect ive AT with changing combustion temperature would r e su l t .  h 

Figure 10 shows tha t ,  unless the over-all  heat-transfer coefficient 
decreases g r e a t l y  as the combustion temperature increases, the  smallest 
heat-exchanger area wi l l  be obtained by going t o  the highest combustion 
temperature compatible with s t ruc tura l  l imitat ions on the metal. 

a 

Heat-Transfer Coefficients 

The f i n a l  variable remaining t o  be determined i n  order t o  es tab l i sh  
the heat-transfer area requirement is the over-all  heat-transfer coeffi-  
c ient  U. For negligible w a l l  resistance, U is  related t o  the individual 
coeff ic ients  by 

1 

hc hh 

U =  - 1 +L 

Next t o  be examined are  the probable values of the coefficients 
hh and t h e i r  var ia t ion w i t h  temperature. p" 

h, and 



The heat-transfer coefficient may be wri t ten as follows, from the  
ea 

defini t ion of the Stanton number: 

h = (S t )CppV (3) 

By using the ideal equation of s t a t e  
speed of sound 

p = pm/RT and the re la t ion  f o r  the 
V = M d m ,  the  above equation may be transformed t o  

600 
1300 
2000 

h = (St)- cPM p c  m 

3.46 0.68 8060 M 
3.55 .685 5600 M 
3.69 .69 4680 M 

Experimental heat-transfer coeff ic ients  on the heat-exchanger cores t o  be 
compared later are plot ted as (S t )  (Pr)2/3 against Re. Equation (4) Could 
be writ ten 

where p and T i n  t h i s  equation are s t a t i c  pressure and s t a t i c  tempera- 
t u r e ,  respectively. 
t o t a l  temperature are considered the  same. 
out the comparison. 

The Mach number range is l o w  enough that s t a t i c  and 
S t a t i c  pressure is used through- 

R The probable range of heat-transfer coefficients for the  f u e l  and 
combustion products can be estimated from equation (5). 

ta Hydrogen. - For a constant pressure of 8 atmospheres and an assumed 
value of (St)(Pr)2 '3  of 0.003, the  heat-transfer coefficient of the hydro- 
gen w i l l  have the  following var ia t ion w i t h  temperature and Mach number: 

This assumed value of ( S t ) ( P r )  2/3 i s  i n  the range t o  be expected fo r  flow 
of the hydrogen inside small tubes, which is  the s i tuat ion considered 
herein. Probable minimum values of the hydrogen-side coefficient are shown 
i n  f igure 11. 

d 
It appears that, at the highest f u e l  temperature, i f  the flow Mach 

number is  maintained above about 0.11, the heat-transfer coefficient should 
be at least 500 Btu / (h r )  (sq ft) (OF) .  

5. 
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w 
Combustion products. - For a constant pressure of 2.2 atmospheres and 

an assumed value of (S t ) (pr )2 /3  = 0.003, the heat-transfer coefficient of 
the  combustion products w i l l  vary with temperature and Mach number as 
follows : 

cP 

1.06 
1.00 

.92 

.80 

.72 

811 M 
772 M 
730 M 
651 M 
585 M 

Ratio, 

h/hZ9000 R 

1.3% 
1.32 
1.25 
1.11 
1.0 

Probable minimum values of the hot-side coefficient are plot ted i n  
f igure 12. 

Thus, by maintaining the Mach number above 0.17, the minimum heat- 
t ransfer  coefficient t o  be expected on the  hot side sh uld be a t  l ea s t  
100 Btu/(hr)(sq ft)( 'F),  since t h e  value of (S t ) (Pr I2  ? = 0.003 i s  near 
the minimum tha t  w i l l  be encountered under the conditions considered. 
For flow over tubes of small diameter (as on the she l l  side of shel l -  
tube exchangers), the  value of ( S t )  (Pr) 2/3 
than 0.003, and, hence, values of h of 100 or above may be obtained 
a t  considerably lower Mach numbers. 

should be considerably higher 

4 

The last column i n  the previous tab le  a l so  shows how the  heat- 
t ransfer  coefficient of the combustion products var ies  as the temperature 9 
var ies  f o r  a constant Mach number f l o w .  
the reference point. 
a function of temperature along with the r e l a t ive  AT values from 
f igure  10. 

The value at 2900° R is  taken as 
These re la t ive  values are plot ted i n  f igure 13 as 

The heat-transfer coefficient of the combustion products, which 
should essent ia l ly  control the over-all  coefficient U, does not decrease 
as rapidly as the effect ive AT increases with increasing combustion 
temperature. Thus, it i s  apparent tha t  the highest combustion temperature 
compatible with. allowable metal w a l l  temperatures w i l l  give the lower 
w e i g h t  heat-exchanger cores. 

Limiting Metal Temperature 

The m a x i m u m  equilibrium metal w a l l  temperature will be determined by 
the maximum hot- and cold-gas temperatures and the r a t i o  of the  hot- t o  
the  cold-side heat-transfer coefficients:  

i 
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i s  2000° R. 
TCO 

where the turbine-inlet  temperature 

The var ia t ion of metal temperature Tw with cornbustion temperature 
is  shown f o r  several  r a t i o s  of heat-trans-fer coefficients i n  f igure Thi 

14(a) .  

For an estimate of maximum possible allowable metal temperatures 
w i t h  present materials, a plot  of y ie ld  strength and 1000-hour rupture 
s t r e s s  against temperature i s  shown (f ig .  14(b)) f o r  a high-temperature 
alloy, Inconel X ( r e f .  3). Depending upon the s t r e s s  l imitations of the 
design, it appears t ha t  metal temperatures of 2100° t o  2200° R might be 
allowed, which would permit combustion temperatures close t o  30000 R. 

A 1/4-inch-diameter tube, for  example, a t  8-atmosphere (120 lb/sq in .  ) 
pressure and with a w a l l  thickness of 0.012 inch would have a hoop s t r e s s  
i n  the w a l l  of about 1190 pounds per square inch. 
cated 1000-hour rupture s t r e s s  ( f ig .  14(b)) fo r  Inconel X i s  about 2500 
pounds per square inch. 

A t  2200° R, the indi-  

Turbine- In le  t Temperature 

P Decreasing the turbine- inlet  temperature lowers the heat-exchanger 
capacity required and gives higher temperature differences f o r  heat t rans-  
f e r  fo r  the  same combustion temperature. Both of these factors  decrease 
the heat-exchanger size.  A t  the same time, however, a lower fue l  tempera- 
tu re  in to  the combustor resul ts ,  and the burning of more a i r  i s  required 
t o  reach the same combustion temperature. Thus, the combustor would be 
larger.  Alternatively, the combustion temperature may be reduced. 

Table I1 shows changes i n  pertinent variables as the turbine-inlet  
temperature is  changed while the combustion temperature is  held constant 
at 2900°, 2700°, and 2500' R. 

The r e l a t ive  UA requirements for  a given turbine-inlet  temperature 
and combustion temperature are  shown i n  the last column of tab le  11. 
Counterflow arrangement i s  assumed for  simplicity of analysis.  The UA 
requirement f o r  a turbine-inlet  temperature of 200O0 R and a combustion 
temperature of 2900° R is  used as the bas is  f o r  comparison. 
a l l  coefficient 
heat-transfer coefficient of the combustion products, hh 

If the over- 
i s  assumed t o  vary with combustion temperature as the 

curve i n  figure 13, 

P U 

2 
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the  r e l a t ive  heat-transfer-area change may be estimated by properly 
combining the hh curve of f igure 13 w i t h  the  UA values of tab le  11. 
This comparison i s  shown i n  f igure 15. 

From the curves of f igure 15, it i s  apparent that decreasing the 
turbine-inlet  temperature from 20000 t o  14000 R would about cut the heat- 
exchanger weight i n  half at the combustion temperature leve l  of 2900° R. 
Also, at  the lower turbine-inlet  temperature, the combustion temperature 
could be reduced several hundred degrees without greatly affect ing the 
heat-exchanger area. A t  these lower turbine- inlet  temperatures, the 
change i n  hh nearly counteracts the change i n  effect ive AT, so that it 
would be more advantageous t o  go t o  the lower combustion temperatures. 

Specific Heat-Exchanger Cores 

The pr incipal  objective here w a s  t o  es tab l i sh  8 range of heat-transfer 
areas (and, hence, probable core weights) f o r  a range of combustion- 
products-side pressure drops through the  system. 
primary concern, the minimum heat-transfer area f o r  any allowable pressure 
drop was desired. For t h i s  reason, the various types of heat-exchanger 
cores i n  reference 2 were examined. 

Since the weight was of 

Previous discussion has pointed out that the heat-transfer coefficient 
on the  hydrogen side of the exchanger should be easi ly  maintained consider- 
ably higher than that expected on the combustion-products side.  
the pressure drop on the hydrogen side could be increased, if necessary, 
by merely increasing the l iqu id  pump discharge pressure. I n  calculating 
an over-all  'coefficient f o r  heat t ransfer ,  the cold-side (hydrogen) coef- 
f i c i e n t  was  assumed equal t o  500 Btu/(hr)(sq f t ) (OF) .  

Further, 

q 

Heat exchangers of the shell-tube type, with the combustion products 
over the  shell side, gave minimum heat-transfer-area requirements. In  
order t o  keep the pressure drop through the she l l  side of t h i s  exchanger 
i n  the  neighborhood of 10 percent, the f ron ta l  area requirements are  large, 
and the exchanger becomes voluminous. Without considering the prac t ica l i ty  
of such arrangements fo r  t h i s  application, calculations are shown i n  tab le  
I11 f o r  various cores and several  i n l e t  Mach numbers since the calculations 
yielded the minimum exchanger weights. 
corresponds t o  the figure number of the performance curves i n  reference 2. 
The pressure drops were estimated by the method of reference 4. 

The number identifying the core 

The heat-transfer-area - pressure-drop re la t ions  from t h i s  tab le  are 
plot ted i n  figure 16. 
t i a l l y  es tabl ishes  a minimum heat-transfer area fo r  a given pressure drop 
through the system. For a Q / p  of 10 percent, a minimum heat-transfer 
area would appear t o  be about 570 square f e e t .  If t h i s  core were made 
from 0.012-inch-thick s ta in less  s t e e l  or Inconel, it would weigh about 
1 / 2  pound per square foot, or about 285 pounds. 
pounds per pound of hydrogen f l  

A curve bounding these points w a s  drawn which essen- 

8 

This is  approximately 48 
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ROTARY REAT EXCHANm 

9 

A schematic diagram of a rotary-heat-exchanger ins ta l la t ion  is  shown 
i n  f igure 17 .  
same as f o r  the stationary one. 
matrix of material which rotates  and causes the matrix t o  pass a l ternately 
through the hot and cold f l u i d s .  
gas t o  the matrix, thence t o  the cold gas. 

The purpose of the rotary heat exchanger is exactly the 
A rotary heat exchanger consists of a 

Heat is thus  transferred from the hot 

3 

3 
3 

P 
An additional variable t o  be chosen w i t h  the rotary exchanger i s  the 

capacity r a t e  r a t i o  
the core t o  the minimum capacity r a t e  of the two gas flows. 
capacity r a t e  r a t i o  gives a greater temperature excursion t o  the matrix 
material, a resul tant  lower effect ive AT for  heat t ransfer ,  and, hence, 
a greater area requirement and greater core weight. The rotat ive speed 
i s  lower f o r  lower r a t i o s  of 

Cr/Cmin; that is, the r a t i o  of the capacity r a t e  of 
A smaller 

cr/cmin. 
A summary of design theory f o r  rotary regnerators is given i n  re fer -  

ence 5, and effectiveness - NTU curves are given i n  reference 2. Ekperi- 
mental heat-transfer and f r i c t i o n  drop performance fo r  several  wire-screen 
matrices i s  a l so  given i n  reference 2. Data on these same matrices are 
extended t o  high Reynolds numbers i n  reference 6. cu 

I 
m u 

Since the core heat-transfer and flow areas are  common t o  both heat- 
t ransfer  f l u i d s ,  the independent choice of flow conditions is  more l imited 
than w i t h  the stationary heat exchanger. In  the case considered here, the 
hydrogen flow i s  considerably smaller than the combustion gas flow. One 
compromise tha t  has t o  be made i s  t o  keep the hydrogen-side Mach number 
as low as possible t o  increase the flow area on that s ide without decreas- 
ing the heat-transfer coefficient of the hydrogen t o  too low a value. 

t 

Heat -!&ansf er  Coefficients 

The wire-screen matrices from reference 2 with the smallest wire 
diameters were used t o  es tabl ish the ranges of heat - transfer coefficients 
t o  be expected. Table IV l is ts  some of the parameters of the matrices of 
in te res t .  
f igure number of the performance curve i n  reference 2 f o r  that par t icular  
matrix. Small w i r e  diameters which result i n  high heat-transfer coeffi-  
c ients  and large heat-transfer areas per uni t  weight of core a re  the dis- 
t inc t ive  features of these matrices. 

Again the number identifying the matrix corresponds t o  the 

Hydrogen. - The heat-transfer coefficients f o r  the hydrogen at two 
ex i t  conditions, an ex i t  hydrogen velocity of 200 f ee t  per second 
(M I 0.324) and 125 f e e t  per second (M S 0.015) and a temperature of 
20000 R, are shown i n  table V. 
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The hydrogen experiences a large temperature change through the heat 
exchanger, and, hence, a considerable Reynolds number change because of 
the change i n  viscosity w i t h  temperature. The viscosity of hydrogen i n  
t h i s  temperature range i s  proportional t o  Heat capacity and 
Prandtl number a re  essent ia l ly  constant over t h i s  temperature range. 
(S t ) (P r )  for  these screen matrices was assumed t o  vary inversely w i t h  
Reynolds number t o  
different  than indicated on the curves of  reference 2 .  
heat-transfer coefficient w i l l  vary approximately d i rec t ly  w i t h  

of the hydrogen of about 1000° R. 
coeff ic ients  are  a l so  shown i n  table  V. 

The 

To.375 ( r e f .  6) ,  although t h i s  variation i s  s l igh t ly  
Therefore, the 

To* 26. 

A mean value of hc was taken t o  be tha t  a t  an average temperature 
These estimated mean heat-transfer 

Combustion products. - The range of heat-transfer coefficients f o r  
the combustion products at i n l e t  conditions of 2300°, 2400°, and 2500' R 
and at  i n l e t  Mach numbers, based on free-flow area, of 0.04 and 0.06 are 
shown i n  tab le  V I .  

The viscosity of the combustion products var ies  direct ly  as To.71, 
so t h a t  the heat-transfer coefficient var ies  about at 
value of 
combustion products. 
V I .  

T0a27. A mean 
hh was  taken t o  be the value at the mean temperature of the 

These estimated mean values are a l so  shown i n  table  

Combustion Temperature 

Some pa r t s  of the  matrix material w i l l  approach the combustion tem- 
perature, so that the maximum allowable combustion temperature would be 
lower for the rotary than fo r  the stationary heat exchanger. 

To evaluate the heat -transfer-area requirements at various combustion 
temperatures, the following re la t ions  are  used (ref. 5) : 

C 

h 
(MI" = - 

A t  the flow ve loc i t ies  assumed i n  estimating the heat-transfer co- 
The r a t i o  of heat- e f f ic ien ts ,  the flow f ron ta l  areas are established. 

t ransfer  areas 
areas. Thus, 

A,-/& w i l l  be the same as the  r a t i o  of the flow f ronta l  
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The r a t i o  of the heat-transfer coefficients hc/hh using the mean 
of values established previously is  shown i n  table  V I .  The higher veloc- 
i t y  flows of both sides are assumed together as one s e t  of conditions and 
the lower velocity flows as another combination. 

3 3 
3 is  shown i n  tab le  V I I .  I n  t h i s  table ,  the capacity r a t e  r a t i o  Cr/Cmin 

The var ia t ion of the flow parameters as combustion temperature var ies  
P 

w a s  s e t  at 2.0. The effect  of a var ia t ion i n  t h i s  r a t i o  w i l l  be dis-  
cussed l a t e r .  

From the values i n  tables  V, V I ,  and V I 1  and the core properties i n  
table  IV, the heat-transfer areas, cope weights, and speeds can be 
calculat  ed. 

The calculations of heat-transfer area, core weight, and rotat ional  
speed for  the three matrices at combustion temperatures of 2300°, 2400°, 
and 2500' R ase shown i n  table  V I I I .  These values a re  for  a turbine-inlet  

L! 
0 temperature of 2000-0 R and a capacity r a t e  r a t i o  cr/cmin of 2.0. 
2 
U It w i l l  be noted, as w i t h  the stationary exchanger, that ,  as the 

combustion temperature i s  increased, the required heat -exchanger area and 
weight decrease. However, the required rotat ional  speed i s  increased as 
the weight i s  decreased, since the matrix core capacity rate C r  i s  
constant. 

2 

The f r i c t i o n  pressure drop f o r  these configurations can be estimated 
from the re la t ion  

This re la t ion  i s  derived from the usual Fanning equation: 

By substi tuting, 

and 
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Pressure drops so calculated are a l so  shown i n  tab le  V I 1 1  f o r  the 
combustion-products s ide of the  exchanger. 
drop r e l a t ion  are  shown i n  f igure 18. 

The core weight and pressure 

A comparison of some of the core weights and corresponding pressure 
drops i n  f igure 18 w i t h  those for  the stationary exchangers ( f ig .  16) 
shows the marked reduction i n  heat-exchanger-core weight possible w i t h  
the rotary exchanger. 

For core number 108 at  a combustion temperature of 2500’ R, the  core 
weight would appear t o  be about 70 pounds at a pressure drop of 10 per- 
cent. This w e i g h t  is  only about one-fourth the minimum estimated fo r  the 
stationary-exchanger core f o r  the same pressure drop. Furthermore, the 
combustion temperature i s  400’ R lower f o r  the  rotary exchanger i n  t h i s  
comparison. 

It should again be pointed out here tha t  no evaluation of the mechan- 
i c a l  problems associated with the rotary exchanger i s  included herein. 
It is  recognized that the additional s t ruc tu ra l  complexity required f o r  
the rotary exchanger might modify these weight comparisons. 

Capacity R a t e  Ratio 

From the curves of temperature effectiveness against the  number of 
t ransfer  un i t s  (I?TLJ)o (ref.  21, it can be seen that increasing the capacity 
r a t e  r a t i o  w i l l  decrease the  (NTU), 
weight required will decrease i n  d i rec t  proportion t o  t h i s  change i n  
(NTU)o. 
speed must be increased since it i s  the product of (weight) X (speed) X (metal 
heat capacity), which comprises the  matrix capacity r a t e .  

fo r  the  same effectiveness. The core 

However, when the  capacity r a t e  of the matrix i s  increased, the 

A change i n  the capacity rate r a t i o  a lso changes the temperature 
excursion which the core metal. takes. 
which the  metal passes is  

The range of temperature through 

so that the AT 
r a t e  r a t i o  f o r  a given r a t e  of heat exchange. 

of the metal i s  inversely proportional t o  the  capacity 

Turbine -1nle t Temper at ur e 

A s  w i t h  the  stationary heat exchanger, lowering the turbine- inlet  
temperature decreases the r a t e  of heat exchange and increases the ef fec t ive  



temperature difference fo r  heat t ransfer .  Both factors  tend t o  decrease 
+I the heat-exchanger-core weight. 

However, i f  the capacity rate r a t i o  Cr/Cmin i s  held constant, the 
speed of rotat ion i s  increased. Since C m i n  i s  not a function of the 
quantity of heat exchanged, Cr i s  not changed. Hence, since core weight 
times speed i s  constant, the speed must vary inversely w i t h  the  weight 
change. 

The estimated change i n  heat-exchanger-core weight w i t h  changing 
turbine-inlet  temperature i s  shown i n  figure 19 for a combustion tempera- 
tu re  of 25000 R. 
half by lowering the turbine- inlet  temperature t o  about 1500' R. This i s  
about the  same r a t i o  as was  estimated for  the stationary exchanger also.  

It appears tha t  the core weight could be reduced by one- 

Lowering the turbine-inlet  temperature will a lso  decrease the var ia-  
t ion  i n  the core metal temperature, since the temperature excursion of the 
metal i s  changed i n  d i rec t  proportion t o  the r a t e  of heat exchanged. 

CONCLUSIONS 

Through an analysis of the heat-transfer performance poss ib i l i t i e s  
of stationary and rotary heat exchangers for use i n  a hydrogen-expansion 
turbine engine, a system called Rex I11 i n  reference 1, the following 
conclusions have been drawn: 

" 1. For stationary heat exchangers, core weights alone would be above 
48 pounds per pound per second of hydrogen flow at a turbine-inlet  tempera- 
tu re  of 2000' R and for a pressure drop of about LO percent of the i n l e t  
combustion gas pressure. 

2. Rotary regenerators offer  poss ib i l i t i e s  for  heat-exchanger-core 
weights one-fourth that  of the  stationary exchanger f o r  the same pressure 
drop. A t  the same time, lower combustion temperatures may be used. 

3. Lowering the turbine-inlet  temperature t o  about 1500° R would cut 
the heat-exchanger-core weight about i n  half for e i ther  type of exchanger. 

CONCLUDING REWiRKs 

While the analysis shows tha t  the heat-exchanger-core weight for a 
rotary heat exchanger may be considerably smaller than tha t  for a s ta t ion-  
a r y  exchanger t o  do the same job, it should be kept i n  mind tha t  the 
mechanical problems with the  rotary exchanger may be quite severe. 
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I n  par t icular ,  at  the  present state of t he  art, the  seals necessary 
t o  prevent too high a hydrogen leakage at the high d i f fe ren t ia l  pressures 
involved are  a formidable problem. A high r a t e  of hydrogen leakage would 
reduce the quantity of turbine working f l u i d  and would a f fec t  the heat- 
exchanger performance adversely. 
perature changes i n  the system w i l l  cause thermal expansion problems tha t  
w i l l  aggravate the sealing problem. 

The high temperature levels  and t e m -  

Contamination of the hydrogen by carryover of combustion products 
trapped i n  the  matrix is  small, l e s s  than 1/2  percent f o r  the  conditions 
considered herein, so tha t  the e f fec t  on the physical properties of the 
hydrogen would be negligible. 

The analysis presented herein compares only weights of the heat- 
exchanger cores based on t h e i r  heat-transfer performance. 
mechanical complexity of t he  rotary exchanger may add more t o  i t s  weight 
than that of a stationary exchanger. 
u n t i l  some sat isfactory sea l  designs are developed to operate at these 
conditions. 

The additional 

The amount cannot be estimated 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, August 14, 1957 
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APpEM)IX A 

heat-transfer area, sq f t  

free-flow f ron ta l  area, sq f t  

function, defined i n  text 

capacity ra t io ,  wCp, B t u / ( h r )  (%) 

heat capacity at constant pressure, Btu/(lb) (%) 

core capacity ra t io ,  (core weight)x(core heat capacity)x(rpmx60), 
B t u / ( W  (OR) 

diameter, f t  

f r i c t i o n  fac tor  

conversion factor ,  32.174 f t / sec  

enthalpy, Btu 

heat-transfer f i l m  coefficient,  Btu / (hr )  (sq f%) (41) 

2 

c/ (mj h 

thermal conductivity, Btu/(hr) (sq rt) (OF/ft) 

flow length, f t  

Mach number, V / d x  
molecular weight 

number of t ransfer  uni ts  of an exchanger, M/Cmin 

number of over-all  t ransfer  un i t s  of an exchanger 

Prandtl number, Cpp/k 

pressure, lb/sq f t  

heat transferred,  B t u  
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R 

Re 

4rh 

S 

st 
T 

ATZm 

t 

U 

v 
W 

X 

r 

E 

IJ. 

P 

'pi j 

universal  gas constant, 1544 f t - lb / ( lb  

Reynolds number, 4rhvp/IJ. 

hydraulic diameter, f t  

Sutherland constant 

Stanton number, h/CppV 

temperature, OR 

1 ) )  

i 9 , >  
NACA RM E57H09 

d 

mole) (OR) 

v 

log mean temperature difference for  heat t ransfer ,  

time, hr 

over-al l  heat t ransfer  coeff ic ient ,  Btu/(hr) (sq f t )  (OF) 

velocity,  ft/k 

weight-flow rate, lb/hr 

mole f rac t ion  

r a t i o  of specif ic  heats 

heat - t ransfer  ef f e e t  ivene s s, - 'h (Thi 1 '".) - - -  ('.. I Tc$ 
Cmin Thi Tci Cmin Thi Tc i  

viscosi ty ,  l b / ( f t )  (hr) 

density, Ib/cu f t  

function, defined i n  t e x t  

Subscripts : 

a air  

C cold s ide 



cold gas i n  'i 

cold gas out cO 

f f u e l  

h hot side 

0 
7 
3 
P 

0 
I 
3 
3 

hi hot gas i n  

h0 hot gas out 

i component i 

3 component j 

m mixture 

min minimum 

W w a l l  

17 
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P€ESICAL PROPERTIES 

The mixture compositions fo r  which the physical properties a re  pre- 
sented are those resul t ing from the  reaction 

n(ZHZ) + O z  + 3.77 Nz + 2Hz0 + 3.77 Nz + Z(n - l ) H Z  
I 

where n w i l l  vary from 1 (stoichiometric) to in f in i ty  (pure Hz). No . 

dissociation i s  assumed a t  any condition encountered herein, since tem- 
peratures are  below 3000° R .  

I 
I 

The composition parameter used for  the physical property p lo ts  is  
mole fract ion of H z  i n  the mixture of combustion products. A t  a hydrogen 
concentration of zero, the mole fract ion of hydrogen i s  zeroJ and water 
and nitrogen are  i n  the mole r a t i o  2.0 to 3.77. 
resul t ing from stoichiometric combustion (n = 1). 
t o  1 is  pure hydrogen. An equivalence r a t i o  scale is  a l so  included on 
the p lo ts  f o r  reference. 
to tha t  required fo r  stoichiometric combustion. 

This i s  the composition 
A mole f rac t ion  equal 

Equivalence r a t i o  i s  the r a t i o  of actual  f u e l  

Experimental viscosity and thermal conductivity data are  available 
f o r  the pure component gases ( re f .  7 ) .  
were taken from reference 8. 
throughout, since a l l  data were not available f o r  the para-hydrogen. 
difference i n  properties between normal and para-hydrogen would not a f fec t  
appreciably any of the r e su l t s  presented herein. 

Heat capacit ies for  the pure gases 
Properties of normal-hydrogen gas were used 

The 

Physical property data for  the mixtures were calculated by the methods 
outlined as follows. Although, as i s  discussed i n  the references cited,  
these equations are  not considered applicable when one of the gases i s  
highly polar (water vapor i n  t h i s  instance), the relat ions were neverthe- 
l e s s  assumed t o  apply, since no experimental data  for  these mixtures were 
available. 

Viscosity 

The v iscos i t ies  of the mixtures were calculated according t o  the 
method of reference 9 :  
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Pure component gas v iscos i t ies  were taken from reference 7. Values 
I of 'Pij a re  plot ted i n  reference 9 for simplifying the calculations. 
3 
1 

Calculated curves a re  shown i n  figure 2. For values at intermediate tem- 
peratures, the mean temperature dependence of viscosity i s  approximately 
p=xTo-71. 

Thermal Conductivity 

The thermal conductivities of the mixtures were calculated according 
t o  a similar expression ( r e f .  IO): 

=T k i  
i=l 

+ - km 

ij i j  

The pure component thermal conductivities were taken from reference 7. 

The calculated gas-mixture thermal conductivities are  shown i n  figure 
3. For values at  intermediate temperatures the temperature dependence of 
thermal conductivity is  approximately k 0~ To.77. 

Heat Capacity 

The heat capacit ies of the gas mixtures were taken as the mass 
average of the heat capacit ies of the constituents: 
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The pure component heat capacit ies were taken from reference 8. The cal-  
culated gas-mixture heat capacit ies are plot ted i n  figure 4. 

9 

Flame Temperature 

Rich-mixture flame temperatures were calculated for the reaction 

n(2H2) + O2 + 3.77 M 2 +  2H20 + 3.77 N2 + 2(n - 1 ) H 2  

by assuming no dissociation of the products of combustion. 
balance is 

The heat 

dT = (2)(2.016)(51,570) + 2n(2.016)(TH2 - Ta) 

where 
entering hydrogen temperature, was set  at values of 700°, 900°, llOOo, 
and 1300° R. 

Ta, the entering a i r  temperature, was  s e t  at 700' R and TH2, the 

Curves of rich-mixture flame temperature against equivalence r a t i o  
a re  plot ted i n  figure 5. 

Other Calculated Values 

The Prandtl number Cpp/k was  computed from the curves of figures 
2, 3, and 4 and is  shown i n  figure 6. 

Mean molecular weights were taken as the volumetric average of the 
molecular weights of the constituents: 

Values  of tb.e mean molecular weight for a range of equivalence r a t io s  are  
plot ted i n  figure 7. 

The enthalpy of hydrogen from the normal l iquid s t a t e  t o  2000' R i s  
plot ted i n  figure 8. 
zero reference point. 

Liquid hydrogen at 1 atmosphere i s  taken as the 
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Core 
number 
o r  
f igure 
number 
i n  
r e f .  2 

44 
46 
47 
52 

44 
46 
47 
52 
44 
46 
47 
52 

Cnlet 
rlach 
;umber 
,based 
in 
'ree- 
? low 
pea) 

0.1 

I 
I 
.15 

.20 

TABm 111. - STATIONARY-EXCHANGER-CORE HEAT-TRANSFER AREAS 

AND PPdJSSuRE: RATIOS ACROSS HOT SIDE 

[ Turbine-inlet temperature, 2000° R; combustion 
temperature, 2900° R; she l l  s ide . ]  

lydraulic 
tiameter , 

f t  
4rh> 

0.0166 
.0125 
.0196 
-0166 

.0166 
,0125 
.0196 
.0166 
.0166 
.0125 
.0196 
.0166 

ieynolds 
lumber , 

R e  

2390 
1790 
2800 
2390 

3590 
26 80 
4200 
3590 
4780 
3580 
5600 
4780 

0.014 
.012 
.013 
.011 

.012 

.010 

.0105 

.011 
-011 
.009 
.01 
.0098 

' riction 
'act or, 

f 

0.072 
.047 
-063 
.052 

-069 
.042 
.06 
.057 
.065 
.04 
.058 
.057 

272 
233 
25 2 
214 

348 
290 
305 
320 
426 
349 
387 
380 

h e r  - a l l  
ieat - 
;ransf e r  
:oeffi- 
:ient , 

U 

176 
159 
16 7 
150 

205 
183 
189 
195 
230 
205 
219 
216 

Ieat- 
zansfer  
wea , 

A, 
sq/ft 

695 
770 
733 
816 

597 
667 
646 
6 27 
532 
597 
559 
567 

?ressure, 
k O P  
-at io  

AP/P 

0.025 
.015 
.022 
.022 

.077 

.058 

.07 

.063 

.157 

.lo1 

.144 

.144 
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Exit 
velocity,  

f t /sec 

TABLE N. - PROPERTIES OF SOME ROTARY-REAT-EXCHANGER MATRICES 

Reynolds (St) (Pr) Frict ion 
number, factor ,  

Re f 

Matrix 
number 
or 
figure 
number 
i n  
ref.  2 

Heat- 
t ransfer  
coeffi-  
cient,  

h, 
20000 R 

107 
loa 
109 

Heat- 
t ransf  ex 
coeff i -  
cient,  

1000° R 
h, 

Wire 
diameter, 

i n .  

107 
loa 
109 
107 
ioa 
109 

0.0105 
.0076 

.0135 

125 126 0.07 1.0 
123 .072 .97 
281 .063 .50 

200 202 0.057 . a5 
196 ,056 . ao 
450 .050 .42 

Hydraulic 
diameter, 

4rh, 
f t  

0.001328 
.00129 2 

.002960 

3eat - 
;ransf e r  
s e a  per 
ini t  
ro lune , 
sq f t  
cu f t  

1a 20 

9ao 

2090 

?oros- 
ity 

0.602 
.675 

.725 

3ulk 
lensity , 
tb/cu f t  

19 a 
1 16 22 
1 137- 2 

Weight 
per unit  
heat- 
t ransfer  
area, 
lb/sq ft 

0.11 
.0777 

.1403 

Matrix 
number r 

TABL;E V. - HEAT-TRANSFER COEFFICIXNTS FOR HYDROGEN IN 

ROTARY HEAT EXCHANGER 

1545 I 1590 
1668 1390 



Heat- 
t ransfer  
coeff i -  
c ien t  , 

Heat- Heat- 
t ransfer  t ransfer  
coeff i -  coeff i -  
c ient  , c ien t  , 

107 
108 
109 

90.5 0.078 1.2 1070 961 1545 1.61 
88 .081 1.1 1110 997 1590 1.60 
201 .072 .55 9 86 887 1390 1.57 
88.5 
86 
19 7 

,079 1.25 
.081 1.1 
-072 .55 

1033 
1060 
942 

940 
964 
85 8 

1545 
1590 
1390 

1.64 
1.65 
1.62 

.079 

.082 

.075 

1.3 
1.15 
.56 

960 
995 
911 

878 
910 
834 

1545 
1590 
1390 

1.76 
1.75 
1.67 

14 20 
1440 
1234 

1275 
1292 
1110 

2020 
1990 
1770 

2020 
1990 
1770 

2020 
1990 
1770 

1.58 
1.54 
1.59 

1.63 
1.58 
1.62 

1.73 
1.66 
1.66 

1360 
1380 
1200 

1240 
1260 
1095 

1272 
1310 
116 2 

1165 
1200 
1065 
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TABU V I .  - HEAT-TRANSFER COEFFICIENTS FOR COMBUSTION 

PRODUCTS I N  ROTARY HEAT EXCHAHGE8 

Ratio of 

hot - s id€ 
coeff i- 
c ien t  , 

hc/hh 

cold- tc t ion fac tor ,  

ture, 
?hi 7 

f igure 
number 
i n  
r e f .  2 %i I hh 

hC 
OR 

Mach number, 0.04 
__ 

i :300 

2400 107 
108 
109 

2500 107 
108 
109 

83.4 
80.7 
185 

Mach number,. 0.06 

2300 135.5 
132 
302 

0.069 
.07 
.06 

1.0 
.91 
.48 

107 
108 
109 

107 
108 
109 

2400 132.8 
129 
296 

.069 

.07 

.061 

1.0 
* 91 
.49 

2500 107 
108 
109 

125 
121 
278 

.07 

.072 

.064 

1.1 
.98 
.50 



Com- 

t i o n  
t e m -  
pera- 
t u r e ,  
Thi 7 

R 

bus- 

0 

2300 
2400 
2500 

Over-all 
number 
of 
t ransfer  
units 
required, 
(NTU), 

TABLE V I I .  - VARIATION OF FLOW PARAMETERS I N  COMBUSTOR AND 

ROTARY HEAT EXCHANGE23 WITH COMBUSTION WEBATU€G3 

Heat- 
transfer - 
area 
r a t io ,  

A J A h  

[ Turbine-inlet temperature, 2000° R; 
Cr/Cmin , 2.0.3 

Equiv- 
alence 
r a t i o  

10.0 
8 .7  
7.7 

Hot- 
gas 
f l o w ,  
wh, 

lb/sec 

26.35 
29.4 
32.4 

He at 
capac- 
i t y  of 
hot 
gas, 
(cp)h  

1.06 
1.00 

.92 

C: ap ac i t j  
ra te  of 
hot side 
(wcp)h 

27.9 
29.4 
29.8 

Capacity 
rate 
r a t i o  of 
gas 
flows, 

Cmin 
C m a x  
- 

0.75 
.71  
.70 

capacity r a t e  rat.io, 

Heat- 
t ransfer  
effec- 
t ive - 
ness, 

E 

0.867 
.83 
.797 

27 

0.274 t:; 1 ,248 
3.0 .226 
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.14 
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.04 

.02 

3 
3 4 5 6 7  11 15 

Equivalence r a t i o  

F i g u r e  2. - Calcu la t ed  v i s c o s i t y  of ’hydrogen-nitrogen-water 
Mole r a t i o  of n i t rogen/water  = 3.77/2.0; vapor m i x t u r e s .  

p c ~ ~ O - 7 1  
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.. 

P 

Mole f rac t ion  of hydrogen i n  m i x t u r e  

u 
3 4 5 6 7 1115 

Equivalence rat i o  

Figure 3. - Calculated thermal conductivity of hydrogen- 
nitrogen-water vapor mixtures. 
water = 3.7712.0; kaTO.77. 
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Figure 4. - Heat capaci ty  of hydrogen-nitrogen-water vapor 
mixtures. Mole r a t i o  of nitrogenlwater = 3.77/2.0. 
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Figure 7.  - Average molecular weight of combustion products 
Products of complete oxidation of hydrogen-air m i x t u r e s .  

w i t h  no dissociation. 
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Figure 8. - Heat content of hydrogen above l iquid a t  normal 
boi l ing point. 
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Figure 10. - Effect of combustion temperature 
on r e l a t ive  combustor area and on r e l a t ive  
temperature gradient f o r  heat t ransfer .  
Constant combustor-exit Mach number, 0.1. 
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Figure 11. - Heat-transfer coefficient 
sure.  (St) (Pr) 2 / 3  = 0 -003; h = 3600 Pr 
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Figure 12. - Heat-transfer coefficient for  hydrogen-rich m i x t u r e  combus- 
t ion  products. Pressure, 2.2 atmospheres; (St)(Pr)'/' = 0.003; 
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h = 3600 
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Figure 13. - Comparison of effect of combustion temperature 
on relative heat-transfer coefficient and relative 
effective temperature gradient for heat transfer. 
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(a) Maximum wall  temperature as determined from gas tem- 
peratures and re la t ive  heat-transfer coefficients.  
Hydrogen-outlet temperature, 2000° R. 
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(b) Yield strength - temperature re la t ion  
f o r  a high-strength alloy, Inconel X 
(ref. 3). 

Figure 14. - Pasmeters determining l imiting wall  temperature 
for stat ionary regenerator. 
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Figwe 15. - Change i n  heat-transfer-area re- 
quirement with changing turbine-inlet  t e m -  
perature and combustion temperature. 
Stationary exchanger. 
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Figure 17. - Schematic diagram of Rex I11 cycle (ref. 1) engine with r o t a r y  heat 
exchanger. 
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Figure 18. - Heat-exchanger-core weight - pressure-drop r e l a t i o n  f o r  
s eve ra l  r o t a r y  heat exchangers. 
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Figure 19. - Effect of varying turbine- 
i n l e t  temperature on r e l a t i v e  w e i g h t  
of rotary-heat-exchanger core. 
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